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ABSTRACT 


This thesis is the development of an industrial control system to enable 
autonomous operation of the electrical generator for a small-scale compressed air energy 
storage system (SS-CAES). 

The purpose of the SS-CAES is to facilitate electrical energy storage (EES) at 
Department of the Navy (DON) facilities using preexisting compressed air systems. 
Development of the control system focused on designing a robust control program that 
was scalable to enable application to a broad range of facilities. The control system 
accomplished scalability through a single control program by utilizing scalable 
commercial-off-the-shelf (COTS) hardware components. 

The possible use of the SS-CAES for providing emergency electrical power 
requires the control system to be capable of a dark start. The term dark start refers to a 
power generation system that does not require electrical energy in the form of batteries or 
external power to begin operation. Dark start systems have the potential to store energy 
for extended periods of time without maintenance. 

The implementation of this control system with retrofitted compressed air systems 
at DON facilities increases the viability of SS-CAES, enabling storage of electrical power 
produced by solar and wind generation. 
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I. 


INTRODUCTION 


A. NAVY ENERGY GOALS 

The Secretary of the Navy (SECNAV) has established five energy goals, is shown 
in Figure 1. The focus of the goals is to create a Department of the Navy (DON) 
controlled energy infrastructure, providing energy security and independence [1]. Four of 
the energy goals specify reducing petroleum consumption, requiring the use of 
sustainable energy resources. 



Figure 1 The Secretary of the Navy’s Energy Goals. Source: [1]. 


The use of renewable energy resources enhances the tactical stance of the DON 
facilities and assets with a secondary benefit of being environmentally responsible. To 
foster energy security, the DON must become less reliant on petroleum and external 
electrical power. Offsite-produced petroleum and external electrical power requires 
transport to DON installations. The production facilities and transportation lines are 
vulnerabilities to the energy security of the DON. As stated by the Assistant Secretary of 
the Navy for Energy, Installations and Environment “The U.S. power grid relies heavily 
on technology dating back to the ’60s and ’70s. This aging infrastructure is vulnerable to 
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physical and cyber-attacks, natural disasters and malfunctions” [2]. There were 
114 utility power outages lasting over eight hours at military installations in fiscal year 
2014 [3]. Establishment of microgrids enables the use of sustainable energy sources, such 
as solar and wind. Decentralizing energy production in the form of microgrids on DON 
installations would enable more effective security and control [4]. 

In order to establish energy independence microgrids, DON installations must be 
able to supply enough power to meet requirements with no interruptions. Meaning, when 
demand is high or output is low something needs to compensate to maintain the grid. 
Many microgrids make use of fossil fuel-powered generators or power generated offsite 
[5]. The Navy has “1 gigawatt [of renewable power production] in final negotiations and 
under construction” but almost no storage capabilities [2]. The DON announced 
procurement of an 18 megawatt-hour (MWh) vanadium flow battery that will store 
electrical energy produce by solar to be installed at Naval Base Ventura County [6]. This 
flow battery is the first grid-level electrical energy storage system installed by the Navy. 
To become energy independent, the DON needs microgrids that include sufficient energy 
storage capabilities to meet demand. 

B. THE SUSTAINABLE ENERGY PROBLEM 

There exists an inherent problem with sustainable electrical generation, compared 
to conventional generation. Sustainable energy generation does not have a persistent 
reliable energy source that is controllably variable, which creates a significant obstacle to 
purely sustainable power grids. However, conventional fossil fuel powered generator 
sources can be brought online, taken offline, or throttle to match the load requirements of 
the grid [7]. 

Typical sustainable electrical generation sources include solar, wind, and marine, 
none of which is present continuously with a consistent magnitude. The most abundant of 
the sustainable energy resources is solar. Solar power is capable of producing 2830 times 
the global daily energy requirement [8]. The relative abundance of sustainable resources 
is shown in Figure 2. 
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RENEWABLE ENERGY SOURCES 
HAVE THE POTENTIAL TO 
PROVIDE 3078 TIMES THE 
CURRENT GLOBAL ENERGY 
NEEDS 


ENERGY RESOURCES OF THE WORLD 




Figure 2 Abundance of Sustainable Energy Resources Based 
on Daily Global Demand. Source: [9]. 


The inconsistent nature of sustainable energy resources creates a significant 
problem for power production and quality. For example, despite knowing the period of 
solar radiation exposure on a solar panel the power output from the panel is not certain. 
The magnitude of the solar radiation received by the panel is dependent on prevailing 
conditions. Cloud cover significantly reduces the strength of solar radiation. In addition, 
the amount of dust covering the panel, as result of air pollution, also has a dramatic effect 
[10], [11]. However, even on the clearest day, with clean panels, the issue of persistence 
of the solar radiation remains. Electrical generators using solar radiation as an energy 
source will not produce electricity when not exposed to solar radiation; therefore solar 
generation is limited to the period post sunrise and pre sunset. Meaning, solar generators 
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may create all the electrical power required during the day but none at night. Similar 
issues exist with all other sustainable energy sources [12], [13]. 

Most current power grids utilizing sustainable generation sources mitigate the 
reliability issue by supplementing the power grid with fossil fuel-powered generators. 
These generators are also used to maintain the appropriate frequency of the electricity 
provided by the power grid, which is more easily done with a controllable generation 
source [14]. Using numerous types of sustainable resources reduces the amount of fossil 
fuel supplementation required. Suppose a power grid operated on purely solar during the 
day. At night, operation of fossil fuel-powered generators would be required to meet 
demand. If generators utilizing wind as a resource were added to the system, on nights 
when sufficient wind was present to meet the demand, operation of fossil fuel-powered 
generators would not be necessary. The more likely scenario would be a portion of the 
electricity generated at night would come from the generators utilizing wind and another 
portion from the fossil fuel-powered generators. While on nights with no wind, the fossil 
fuel generators would need to produce all of the electrical power required. Meaning fossil 
fuel-powered generators cannot be eliminated from power girds without robust and 
sufficient energy storage [15]. 

C. ENERGY STORAGE METHODS 

To bridge the gap from unreliable sustainable resources to a reliable sustainable 
electrical power grid an electrical energy storage method is essential. There are many 
proposed options for electrical energy storage (EES) for a surplus of sustainable 
resources to be stored and then used when there is a deficit of sustainable resources 
[15-18]. While conditions for EES remain consistent, the type of energy storage varies 
widely. The various EES methods utilized are grouped into specific categories: 
mechanical, electrochemical, chemical, electrical, and thermal [16]. A breakdown of the 
various forms of EES is shown in Eigure 3. Each energy storage state has distinct 
advantages and disadvantages. 
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Electrical energy storage systems 

Electrochemical 

Secondary batteries 

Lead acid / NiCd / NiMh / Li / NaS 

Flow batteries 

Redox flow / Hybrid flow 

Chemical 
Hydrogen 

Electrolyser / Fuel cell / SNG 

Figure 3 Electrical Energy Storage Systems Classified by Energy. 

Source: [16]. 

1. Pumped Hydroelectric Storage 

Mechanical storage of electrical energy produced is the most prevalent EES 
method used [15]. A great majority of mechanical storage is in the form of pumped 
hydroelectric storage (PHS). PHS operates in a similar manner to a hydroelectric dam but 
with the capability to pump water back up to the top of the dam. Typical PHS plants 
consist of two reservoirs, one separated by vertical elevation linked by pipes and turbines 
attached to generators. A generic PHS plant is shown in Eigure 4. Due to its relative 
simplicity and larger potential power outputs, compared to other EES systems, it has 
become a very popular EES method, accounting for over 100 GW worldwide [15]. The 
power output for modem PHS ranges from 100 MW to 3000 MW, which far exceeds the 
power output possible for most other EES [15]. 


Mechanical 
Pumped hydro - PHS 

Compressed air - CAES 

Flywheel - FES 


Electrical 

Double-layer 
Capacitor - DLC 

Superconducting 
magnetic coil - SMES 


Thermal 

Sensible heat storage 

Molten salt / A-CAES 
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Figure 4 General Pumped Hydroelectric Storage Plant. Source: [19]. 

Despite its advantages, a few significant issues hold back PHS from being the 
complete solution to the world’s energy storage needs. The most significant of which is 
the requirement of a substantial elevation difference between reservoirs, which is a 
determining factor for the power output of the plant [15], [19]. The large reservoirs also 
require vast areas of land that have an adequate geologic make up [17-19]. Thus, 
implementation of PHS is limited to areas with adequate topographic and geologic 
conditions. 

2. Compressed Air Energy Storage 

Compressed air energy storage (CAES) is the only energy storage method that 
approaches the power output of PHS. A single CAES unit is capable of putting out over 
100 MW [15]. CAES plants are able to achieve this high power output by heating the 
stored compressed air before passing it over turbines. In mature designs, the heat source 
used is a non-renewable fossil fuel such as natural gas; such a non-adiabatic CAES plant 
is shown in Eigure 5 [15-18]. The use of non-renewables makes commercially mature 
non-adiabatic designs for CAES undesirable option for a completely sustainable power 
system. 
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Figure 5 Non-adiabatic Compressed Air Energy Storage Plant. 

Source: [16]. 


In effort to create a sustainable CAES plant, adiabatic versions are in 
development [16], [17]. Designs for adiabatic CAES plants combine mechanical and 
thermal storage methods. Heat produced during the compression of the air is stored with 
a thermal storage method. Then, when the plant is to produce electrical power, the 
compressed air receives heat from the stored thermal energy rather than non-renewable 
fuels [16], [17]. Despite eliminating the use of fossil fuels, the adiabatic CAES designs in 
development are theoretically capable of producing similar power outputs to current non- 
adiabatic designs [16]. Therefore, adiabatic CAES are a viable sustainable EES option. 

Both non-adiabatic and adiabatic CAES systems present significant impediments 
to a large-scale commercial adoption for EES; the most significant of these is geologic. 
CAES requires large compressed air storage caverns. Currently, there are only two 
commercial CAES plants worldwide, and both make use of large underground caverns 
created in previously mined salt domes [15]. Similar to the geologic constraints for PHS 
reservoirs, the CAES caverns must also have appropriate geology. 
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The geologic limitation to large-scale CAES systems has led to the development 
of smaller scale CAES systems for use in micro-grids and integrated power systems. 
These smaller scale systems make use of tanks and underwater bladders [20]. CAES that 
use tanks or caverns have a constant volume for storage, so the pressure available to the 
turbines is variable. Underwater bladders are unique storage methods because the 
working fluid remains at constant pressure. The bladder is able to change volume but 
remains at approximately the same pressure as the surrounding water. Pressure available 
to the turbines for an underwater bladder system remains constant and is based on the 
depth the bladders are stored [20], [21]. The use of tanks or bladders removes the 
geologic limitation found in large-scale systems, allowing for a much broader feasibility 
for small-scale systems application. 

3. Flywheel Energy Storage 

Elywheel energy storage (EES) is a means of mechanical energy storage that is 
best suited for high power output over a short duration [15-17]. Key characteristics of 
flywheels are “excellent cycle stability and a long life, little maintenance, high power 
density and use of environmentally inert material” [16]. A typical EES system is shown 
in Eigure 6. It consists of a large cylindrical mass suspended with magnetic bearings in a 
vacuum chamber [22], [23]. The mass is on a shaft, and one end of the shaft connects to a 
motor. Charging applies power to the motor, which spins the flywheel up to its design 
speed. The spinning mass stores kinetic energy as angular momentum [17], [22], [23]. 

The reason for use of magnetic bearings and a vacuum chamber is to remove as 
much friction as possible. Any friction present in the system will leach power away from 
the flywheel, thus reducing its rotation speed. Despite efforts to remove fictional losses, 
flywheel systems still have a long-term storage problem. Typical flywheel systems 
experience complete self-discharge in less than a day when they are not recharged 
regularly throughout the day [15-17]. This indicates that flywheels are not an ideal 
energy storage method because energy cannot be stored for long durations. However, 
EES are able to output high power very rapidly making them more suited for use as a 
power management device [15-17]. 
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Figure 6 Flywheel Energy Storage Device. Source: [24]. 

4. Battery Energy Storage System 

The electrochemical form of energy storage “is the oldest form of electricity 
storage” [15]. Electrical energy is stored directly in batteries by reversing an electro 
chemical reaction. Advantages of batteries include a reasonably rapid response to load 
variation and very little energy loss while dormant, leading to efficiency from 60 to 
95 percent [15], [25]. Batteries have several disadvantages such as limited cycle life, low 
energy densities, low capacity, and use of toxic materials [15], [25]. 
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There are two types of batteries, secondary and flow, both make use of the same 
electrochemical principle but have different configurations [15-18]. Many variations of 
both types of batteries exist with different materials used for the electrodes and 
electrolyte [15-18]. 

Secondary batteries are cells consisting of a positive electrode and negative 
electrode in an electrolyte [15]. The size and composition of the cell determines the 
storage capacity and the power of the battery following construction. In order to scale 
secondary batteries to meet the required capacitance and power output individual cells are 
wired together forming a battery bank [17]. Such a battery bank at the Alaska Center for 
Energy and Power is shown Figure 7. 



Figure 7 Secondary Battery Bank at Alaska Center for Energy and 

Power. Source: [26]. 


Flow batteries on the other hand have scalable battery capacity and power output 
[15-18]. This variability of flow batteries is possible because the cells size can vary. 
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unlike a secondary battery. A typical flow battery consists of two tanks that store 
electrolytes, and attached pumps cycle the stored electrolytes through a chamber called a 
stack. A generic flow battery is shown in Figure 8. In a flow battery the stack is the 
reaction camber, the stack has cells of positive and negative electrodes [15-18]. The 
electrolyte in a flow battery is stored in external tanks and pumped into the stack to allow 
the electrochemical reaction to take place. Flow batteries can scale the capacitance by 
changing the size of the electrolyte tank storage, and scale the power output by changing 
the number of cells in the stack [17]. 


Negative Cation exchange Positive 
electrode membrane electrode 




Positive 

electrolyte 

reservoir 



Pump 


Inverter 


Pump 


Figure 8 Generic Flow Battery. Source: [27]. 


Significant research efforts engaged in battery technology with an effort to make 
them a more viable EES method [15], [25], [28-31]. The focus of much of the research is 
making a material change to any of the three components: the negative electrode, positive 
electrode, or electrolyte. Much of this research endeavors to improve capacity or power 
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output, less attention has been given to making batteries with fewer toxic materials [28]. 
The majority of commercially available batteries are not suitable for long-term use in 
EES, due to material used in their construction and their lack of recyclability [28]. 

5. Hydrogen Storage 

Excess electrical energy in the form of chemical energy, in the form of hydrogen 
and synthetic natural gas (SNG), is cable of storing vast amounts of energy for lengthy 
periods. Hydrogen and SNG is an attractive EES because it “is the only concept which 
allows storage of large amounts of energy, up to the TWh range, and for greater periods 
of time—even as seasonal storage” [16]. One favorable aspect of hydrogen and SNG is 
its versatility for use as transportation and heating fuel [16], [32]. In addition, it is 
possible to modify certain fossil-fueled electric generators currently using natural gas to 
make use of the renewable hydrogen or SNG [33]. 

The process of storing excess in the form of chemical energy is less direct than 
most other methods. To create hydrogen excess electrical power energizes an electrolyzer 
that splits water into its constituents, hydrogen and oxygen. Typically, hydrogen is then 
stored in tanks or caverns and the oxygen is exhausted to atmosphere. The oxygen is not 
generally stored for practical and economic reasons. If the oxygen were stored, additional 
tanks or caverns would be required [16]. SNG, synthetically produced methane, 
production involves combining the hydrogen produced through electrolysis with carbon 
dioxide in a methanation reactor [16]. The SNG is then stored in the same manner as 
hydrogen systems. 

Storage of the working fluid is the limiting factor for implementation of hydrogen 
and SNG. Eike CAES, hydrogen and SNG EES require very large storage tanks or 
caverns to be viable [32]. In order to have large-scale hydrogen or SNG storage the use of 
appropriate underground geological formations such as “depleted gas/oil reservoirs, 
aquifers, and salt caverns” is required [34]. Due to the similar storage requirements of 
CAES, hydrogen and SNG compete for space. When it comes to power generation in the 
few gigawatt range, CAES is currently viewed as a more suitable use of the storage sites 
because it has a higher efficiency, and lower capital investment and operating costs [32]. 
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Some possible underground storage methods for hydrogen, SNG, and CAES are shown in 
Figure 9. 



Figure 9 Some Suitable Underground Storage Methods for Hydrogen, 

SNG, and CAES. Source: [35]. 

Chemical energy storage technologies are better suited for a more compressive 
storage method, such as storage for an entire nation or world power grid. A study 
completed by SIEMENS & ISET investigated the required storage capacity that would be 
necessary for Europe’s entire power grid to subsist on solar and wind resources [32]. 
Hydrogen storage would require 167 TWh, over twice the energy storage necessary for 
PHS or adiabatic CAES [32], [36]. However, 0.41 km is the volume required to achieve 
the prescribe capacity, which is seventy times less than what is necessary for the nearest 
storage competitor Adiabatic CAES at 29 km^ [32,36]. This indicates that hydrogen 
storage is best suited for a national grid scale application despite having a lower 
efficiency than PHS and CAES. 
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6. Electric Double Layer Capacitors and Superconducting Magnetic 
Energy Storage 

The use of electric double layer capacitors (EDLC) is the most direct means of 
electrical storage. EDLC are a highly efficient, rapidly chargeable EES method [15-17]. 
Storage using EDLC is scalable which enable systems capable of producing up to 
300 kW [15]. In response to a changing load EDLC are capable of responding very 
rapidly [15-17]. Self-discharge rates of EDLC of around 40% per day make them most 
suitable of storage of energy from seconds to hours [15]. 


EDLC have quite a simple design, consisting of two plates with a small space 
occupied by a material known as dielectric. One of the plates is positive and one is 
negative. Charging an EDLC causes electrons to migrate from the positive plate to the 
negative plate [17]. When the charging sources are removed, the negatively charged plate 
has more electrons than the positively charged plate, creating an electrical potential. 
Upon loading, the EDLC electrons attempt to achieve balance in both plates, and thus 
flow from the negatively charged plate back to the positive, resulting in an electrical 
discharge [17]. A visual representation of the charging and discharging process of an 


EDLC is shown in Eigure 10. 
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Eigure 10 Charge and Discharge Process for EDLC. 
Adapted from [37]. 
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Superconducting magnetic energy storage (SMES) is an emerging method of 
storing electrical energy in the form of electrical current [15-17]. SMES has many of the 
same advantages as EDEC. SMES has a slightly higher roundtrip efficiency of about 
95%, compared to 90 % of DEC [15-17]. The expected lifetime of SMES is at least 20 
years, twice that of EDEC, due to SMES not having cycle limits [15-17]. The power 
rating of SMES is up to 10 MW, significantly higher than that of EDEC [15]. The 
response time of SMES to a load is nearly instantaneous [15-17]. Although slightly less 
than EDEC, self-discharge in SMES systems is an issue at around 15% per day [15]. 

SMES is a much more complex storage system than EDEC. Typically, a SMES 
consists of a coil of super conducting material suspended in a cryogenic chamber filled 
with super cooled helium. A conceptual design of a SMES is shown in Eigure 11. Several 
auxiliary systems are required to maintain the helium at cryogenic temperatures around 
4.5 K [15]. Charging a SMES creates a magnetic field in the cryostat chamber by passing 
current through the coil [15-17]. The energy is stored in the magnetic field and current 
continues to flow through the coil after the power source has been removed [15-17]. The 
magnetic field induces a current through the coil. A load draw on this current depletes the 
magnetic field. 



Eigure 11 Conceptual Design of a Small-Scaled SMES. Source: [38]. 
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Due to the rate of self-discharge of EDLC and SMES, neither is well suited as a 
bulk long-term EES method. EDEC and SMES are more suited to power management 
enabled by rapid discharge rates. Typically, the materials used to construct EDEC and 
SMES are benign and easily recyclable [15-17]. However, there is concern regarding the 
environmental impact of the large magnetic fields produced by SMES [15-17]. SMES is 
much more expensive to produce and maintain than EDEC [15-17]. Based on the 
significant price difference and environmental concerns for SMES, EDEC may be the 
preferred option of the two systems for power management of sustainable power systems. 

7. Thermal Energy Storage 

Thermal energy storage (TES) systems store heat in three forms: sensible, latent, 
and thermo-chemical [16]. Most industrial or residential TES is in the form of sensible or 
latent [16], [39]. Heat is stored in the form of low-temperature to be used for cooling later 
or high-temperature to be used for heating [15]. All cases make use of thermally insulated 
containers [15]. The round trip efficiency of TES systems is quite low, ranging from 
30 to 60 % [15]. However, in several cases the energy stored using TES would otherwise 
be wasted. Eor example, heat generated during compression of air in a non-adiabatic 
CAES can be stored to create a near adiabatic CAES. TES systems are environmentally 
benign and can store otherwise wasted energy, making them a valuable addition to a 
renewable EES. 

Sensible heat storage makes use of an inexpensive storage medium with high 
specific heat capacity [39]. When heat is stored as sensible heat an appreciable change in 
temperature of the medium is observable. Some typical storage media are water, rock and 
metals [16], [39]. Recovery of the stored heat from solid storage requires passing 
working fluid through the storage medium in the containment camber [15], [39]. When 
heat is stored in fluid heat recovery may involve pumping the storage medium out of the 
containment vessel to an external heat exchanger [15], [39]. Alternatively, a heat 
exchanger may be located inside the fluid containment vessel and have a working fluid 
pumped through to recover heat [15], [39]. 
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Latent heat storage takes advantage of the phase change of the storage medium to 
store heat. Since energy is stored with a phase transformation, there is not a significant 
change in temperature of the medium [16]. The mediums used for latent heat storage are 
more numerus than those of sensible heat storage. Selection of the latent TES medium is 
based on its melting or boiling point [39], [40]. Whether the melting or boiling point is 
the criteria for selection depends on the required phase transformation: solid-to-liquid, 
liquid-to-gas, or liquid-to-solid [39], [40]. Options for latent mediums include both 
organic and inorganic materials. Some commonly used mediums are water, paraffins, salt 
hydrates, and non-paraffin organics [39,40]. Recovering the heat from the latent storage 
medium typically requires a working fluid pumped through a heat exchanger within the 
containment vessel [15], [16], [39], [40]. 

Standalone use of TES as an EES is best suited to solar concentrators where 
excess heat produced during the day is stored to allow continuous power generation 
through the night. A solar concentrator with attached TES tanks is shown in Eigure 12 
[16], [41]. Use of TES in conjunction with other EES methods provides clear benefits, 
such as storing heat that would otherwise be wasted and increasing efficiencies. In the 
case of an adiabatic CAES using TES to store heat produced during compression, that 
would otherwise be lost, enables the creation of high power sustainable EES [16]. 
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Figure 12 Solar Concentrator Tower and TES Tanks. Source: [42]. 


D. MEETING NAVY ENERGY GOALS 

Utilization of EES is the key to meeting the SECNAV’s priority of energy 
independence. To achieve 100% energy independence, microgrids generating power 
using solar, wind, and marine resource need to integrate sufficient EES to meet demand 
at all times. Similar to traditional energy production methods, there is no singular EES 
solution, and most applications would benefit from a combination of EES methods. One 
such EES combination would be the incorporation of adiabatic CAES, TES and EDEC 
into DON installation microgrids, which would lead to energy independence with the 
added benefit of being environmentally benign. 

Many DON installations are located near the sea, so the geologic requirements for 
standard underground CAES can be subverted through the use of undersea CAES. The 
power demand on DON installations ranges from tens to hundreds of MW [3], [43]. The 
bulk storage of energy with CAES would be capable of meeting the demands of the 
installations with a power rating of 5-300 MW [15]. CAES has the advantage of being 
one of the cheapest high-power output bulk energy storage methods at 2-50 $/kWh [15]. 
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To create an adiabatic CAES, heat generated during compression of air would be stored 
with TES. Use of an EDEC for power quality and management would allow for response 
to sudden loads on the microgrids. 

While the DON is still investigating large-scale grid EES options, presently small- 
scale CAES exist on many DON installations and assets. On many bases and all naval 
vessels, compressed air is stored for industrial use. Using these preexisting compressed 
air storage systems for small-scale CAES would enable peak shaving and emergency 
power during outages. Peak shaving could reduce the required maximum power 
generation of the microgrid. In addition, peak shaving would reduce costs for DON 
installations on the standard gird. Power use during a peak demand period lasting from 
15 minutes to one hour could account for up to 50% of a facility’s power bill [44]. 
Additionally, the use of small-scale CAES (SS-CAES) generation for emergency power 
during outages could provide energy security to installations. 

E. SS-CAES AT NAVAL POSTGRADUATE SCHOOL 

At the Naval Postgraduate School (NPS) Integrated Multi-Physics Energy Eab 
(IMPEE), a proof of concept SS-CAES has been undertaken. NPS IMPEE is a DON 
installation with a preexisting compressed air storage system. The intention of the proof 
of concept is to develop a SS-CAES system that is scalable, enabling application at other 
DON facilities. 

Previous work on the SS-CAES project has led to the installation of a scroll 
compressor powered by a solar microgrid [45]. Originally, the compressor required 
manual operation and only featured analog control via a dropout relay. Eater work has 
enabled autonomous operation of the compressor [46]. The scroll compressor operates 
autonomously when sufficient electrical power from the installed solar panels is 
available. The installed solar panels at NPS IMPEE are shown in Eigure 13. 
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Figure 13 Solar Panel Array and Vertical Axis Wind Turbine 

at NPS IMPEL 


The air generated by the solar-powered compressor is stored in four large 
preexisting compressed air tanks. A supersonic wind tunnel at NPS IMPEL uses the air 
stored in these large tanks to operate. The supersonic wind tunnel experiences only 
occasional use. Thus, utilization of the tanks for CAES during periods between the wind 
tunnel’s operations would optimize the tanks’ potential. The four compressed air storage 
tanks installed at NPS IMPEL are shown in Eigure 14. 
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Figure 14 Four Large Compressed Air Storage Tanks at NFS IMPEL 


Work on electrical generation using stored compressed air has been done, along 
with the previous work on the compression side of the SS-CAES system. The electrical 
generation method developed uses a turbine attached to a generator to produce electricity, 
shown in Eigure 15 [47]. Stored compressed air is used to power the turbine, which in 
turn spins the generator, producing three-phase AC with wild frequency. The three-phase 
AC voltage passes through a bridge rectifier creating DC voltage, used to charge super 
capacitors. Eike the scroll compressor, the turbine and generator require manual 
operation. 
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Figure 15 NFS IMPEL SS-CAES Generator Developed Previously. 

Source: [47]. 


F. MOTIVATION 

The aim of this thesis is to progress the work on the SS-CAES at NFS IMPEL. 
The primary objective is the development of a control system for the electrical generation 
side of the SS-CAES. The purpose of the control system is to enable autonomous 
operation of the electrical generator in response to a load. A secondary objective of the 
design is a robust control system enabling integration into the NPS IMPEL proof of 
concept SS-CAES system as well as other SS-CAES applications. An additional 
secondary objective of the design is to create a control system capable of a dark start to 
enable operation of the control system in the absence of an external power source. With 
endeavors to reduce future production costs, the design intends to develop a control 
system that can be programmed and then stored for long periods, allowing for batch 
production. 
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II. COMPONENT SELECTION 


A. CONTROLLER 

The choice of controller requires understanding of its prospective application. In 
this case, the expectation is that sailors and marines would use the SS-CAES in industrial 
environments. Given the intended operators, a controller that is intuitive and user friendly 
is required. In addition, since the operators are not necessarily technical experts regarding 
controllers, the controller should not require significant maintenance or modification by 
the users. The working environment for the controller might be subject to temperature 
extremes, dust, salt, and moisture. The controller may be integrated within an 
inhospitable environment. This requires the control hardware to be robust. Additionally, a 
controller that consumes low power is preferable. An industrial programmable logic 
controller (PLC) fulfills the requirements for application in a SS-CAES system. 

PECs are available in many sizes and input/output configurations. Narrowing the 
choice of which PEC is best suited for this application involves considering the type and 
number of inputs and outputs. In most cases, inputs and outputs are analog or digital. As 
well as the input/outputs, consideration of the human machine interface (HMI) is also a 
decision factor. Preliminary examination of the control system revealed that two to five 
analog outputs and one to three digital inputs would be required for the SS-CAES proof 
of concept at IMPEE. Since the operators are not expected to be technical experts, an 
HMI with a visual display that is intuitive and easily comprehended is required. Many 
PECs have no built-in HMI; they have no visual display and require the installation of 
buttons. Several PECs do have visual displays using lights and single-line text screens, 
but they still require the installation of buttons. Some PECs have touch-sensitive screens 
that can both display various conditions and act as buttons, making them ideal for this 
application. 

Eor use on the power generation side of the SS-CAES system at NPS IMPEE, 
selection of a PEC with at least five analog outputs, two digital inputs, and a HMI with a 
touch sensitive screen is required. A controller is also required for the compressor side of 
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the SS-CAES system at NFS IMPEL. Eor convenience, both sides of the SS-CAES 
system at NFS IMPEL would use the same controller [46]. Combining the requirements 
of the two sides of the SS-CAES system at NPS IMPEL led to the selection of the PEC. 
Both sides of the SS-CAES system at NPS IMPEL will use the Allen-Bradley Micro850 
PEC, shown in Eigure 16. This controller is robust enough for industrial applications, 
consumes approximately 10 watts (W), and has many additional inputs and outputs for 
later expansion of the project. 
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Eigure 16 Allen-Bradley Micro850. Source: [48]. 


1. Micro850 Inputs and Outputs 

The Micro850 has input and output buses, top and bottom, respectively; green 
terminal strips shown in Eigure 16. All inputs and outputs through the sustainable bars 
are digital. There are fourteen 24 volts (V) direct current (DC) or alternating current (AC) 
inputs and ten 24V DC source outputs [48]. The Micro850 controller requires plug-in 
modules for input and output analog signals. The module plugs into one of the three 
covered expansion blocks shown in Eigure 16. A typical expansion block is shown in 
Eigure 17. The expansion block used for SS-CAES is the 2080-IE2, which is a non¬ 
isolated unipolar voltage/current analog input [49]. The 2080-IE2 measures analog 
voltage input in this case; it has two inputs capable of sensing zero to ten volts. 
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Figure 17 MicroSOO Series Expansion Block. Source: [48]. 


2. MicroSSO Human Machine Interface 

The Micro850 is capable of operation using just the controller shown in Figure 16 
but with the addition of a 4-inch touch-sensitive screen, PanelView 800, it is much more 
user friendly. On the left side of the Micro850 there are indicator lights. Upon sensing an 
input, the input lights illuminate and the output lights only illuminate when an output 
signal is energized. There are also several status lights. The use of a display screen allows 
the system developer to create displays that enable users to understand the status of the 
system without being technical experts. Increased functionality in the form of buttons on 
the display enables the system developer to allow the user to interact with the system in a 
predefined manner. With the use of the PanelView 800, shown in Figure 18, the user only 
needs to interface with the screen in order to operate the controller and attached system. 
Since the user only needs to interface with the HMI, it is possible to obscure all wiring 
and control components in an enclosure. 
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Figure 18 PanelView 800. Source: [48]. 


B. VOLTAGES 

There are two working voltages in the control system. The first is the voltage 
source for the system components. The second is the control voltage, which provides a 
signal to control components. 

1. Power Source Voltage 

There are three power source options for most controllers and control 
components, 24V DC, 120V AC, and 240V AC. 24V DC is favorable, but due to the 
nascent developmental stage of the SS-CAES system at NPS IMPEL, that voltage source 
would not be available. Instead, 120V AC is used for the controller and control 
components. This voltage allows the use of standard power from outlets, which is 
convenient for the development of the SS-CAES system. 


26 


2. Control Voltage 

The Micro850 has an attached power supply that converts a 120V AC source 
voltage to 24V DC, and uses the 24V DC from the power supply to operate. The output, 
or control signals, from the Micro850 are also 24V DC. Therefore, actuation of all 
control components is via 24V DC. The control signal from the Micro850 is 
approximately one amp [48]. Due to the low amperage of the control signal, the 
Micro850 is not capable of powering most control components directly. 

C. CONTROL COMPONENTS 

Control systems require various components to sense and physically manipulate a 
working fluid or machinery. For this system, compressed air is the primary medium 
controlled, which requires the use of solenoid valves and relays. The primary input to the 
control system is the voltage of a capacitor, which necessitates the use of voltage 
transducers. The componentry combines to form a functional control system. 

1. Solenoid Valves 

Solenoid valves have a coil that creates a magnetic field when energized that 
moves an actuator or armature to change the state of the valve. Two methods of operation 
exist for solenoid valves, direct acting and internally piloted. Direct acting solenoid 
valves receive sufficient power from the coil directly to move and maintain the position 
of the valve. Internally piloted solenoid valves do not use the coil’s power directly 
to change the valve position. Instead, the coil changes the position of a smaller pilot 
valve allowing working fluid to move through the valve body to change the main 
valve’s positon. 

A direct relationship between power consumption of direct acting solenoids and 
the pressure differential the valve must overcome exists. This relationship limits the 
direct acting valve’s application to smaller lower pressure systems. Internally piloted 
valves, on the other hand, have no such relationship; their power consumption falls 
within a fixed range. The use of a pilot valve enables internally piloted valves to work in 
high-pressure applications. Also, internally piloted valves consume less power than direct 


27 



acting valves for the same application [50]. This limitation to internally piloted valves 
does not exist in direct acting valves. Internally piloted valves require a pressure 
differential across the valve to operate. For example, energizing a completely 
disconnected valve will not shift its position. A direct acting valve, on the other hand, 
will shift regardless of pressure on either side of the valve. 

There is further classification of solenoid valves by the number of ports they have 
as well as their un-energized position. “#-way” describes the number of ports a valve 
where “#” is the number of ports. Description of the de-energized state of the valve is 
either normally closed (NC) or normally open (NO). For example, a typical direct-acting 
solenoid is two-way NC, meaning one input and one output, which opens when 
energized. Additionally, a typical internally piloted solenoid is three-way NO, meaning 
one input and one output, and one exhaust, which closes when energized. 

The operating pressures for the SS-CAES at NFS IMPEL would not be too great 
to use direct acting solenoids. Internally piloted solenoids were selected for use in the SS- 
CAES because they use significantly less power than the direct acting solenoid 
alternative. The control system makes use of both three-way NO and NC internally 
piloted solenoids with source voltage selected, 120V AC. The solenoid valves used are 
Parker B6 series shown in Figure 19. 



Figure 19 Parker B6 Piloted Solenoid Valve. Source: [51]. 
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2. Relays 

Since control components, such as solenoid valves, require more power than 
provided by the control signal from the PLC, relays must be used. Relays enable the 
control of high voltage and high amperage circuits while using very small electrical 
signals to turn them on or off. A relay is an electronic switch that opens or closes an 
electrical contact when energized. In this case, the control signal from the PLC energizes 
the relays causing them to change the state of the electrical contact from open to closed, 
or vice versa. The contact controlled by the relays is in the power circuit for control 
components, which is receiving power form the 120V AC power source. For example, a 
solenoid valve that is powered by 120V AC has a normally open relay in-between the 
power source and the solenoid. When the relay receives a control signal the circuit closes 
and the valve changes position. 

Several types of relays are available, the most commonly used are 
electromagnetic and solid-state relays (SSR) [52]. Like solenoid valves, electromagnetic 
relays make use of a coil to induce a magnetic field to move an armature that changes the 
position of the contacts in the relay. An electromagnetic relay, which has one normally 
open and one normally closed contact is actuated by the white armature attached to the 
coil shown in Figure 20. Solid-state relays do not have any moving parts. Instead, internal 
circuitry changes the state of the contact when a control signal is present. Although they 
are able to control high-power devices, these relays consume very little power 
themselves. Both types of relays require approximately IW of power, with SSR generally 
consuming slightly less than electromagnetic relays [53], [54]. Besides the reduced power 
consumption, a main advantage of SSR over electromagnetic relays is there are no 
moving parts, making SSR more robust with longer life spans. Most SSR have a single 
contact that is normally open. Electromagnetic relays are widely available with multiple 
contacts, some normally closed and some normally open, on the same relay. 
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Figure 20 Electromagnetic Relay 


The control system mainly makes use of relays to control power to solenoid 
valves. The valves operate independently of each other, meaning only relays with one 
contact are required. In addition, the valve selection enables the use of normally open 
relays. The use of SSR is favored for the control system because of their simplicity, 
robustness, and longevity. In all instances where a relay is needed in the control system, a 
single contact relay is sufficient. When normally open relays are required, SSR are 
preferred. Only when normally closed or multiple contacts are required should an 
electromagnetic relay be utilized. The SSR primarily utilized are Crydom D2450; the 
control input range is 3-23V DC and output up to 50 amps at 240V AC. 

3. Voltage Transducers 

The main input signal to the controller is voltage measurements. Of the two types 
of input signals to the controller, analog or digital, variable magnitude is sensed only on 
analog inputs. Thus, the voltage reading inputs must be input via the analog module on 
the PLC. The analog module has a limited input sensing range of 0-1OV DC. However, 
input voltages sensed are higher than ten volts. To facilitate measuring voltages higher 
than ten volts, utilization of a voltage transducer is required. A voltage transducer 
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converts the higher voltage input into to a lower voltage signal. The input and output of 
the transducer are isolated from each other so there is no risk of applying too much 
voltage to the analog module. Selection of a voltage transducer with a wide input range 
allows future flexibility. Both the air compression and the electrical generation 
constituents of the SS-CAES at NFS IMPEL utilize CR Magnetics CR5311-75 voltage 
transducers, shown in Eigure 21. The CR5311-75 has an input range of 0-75V DC, an 
output range of 0-1OV DC, and requires supply power of 24V DC. 



Eigure 21 CR Magnetics CR5311-75 DC Voltage Transducer 


Accuracy of the voltage transducer is important in order to prevent placing the 
capacitor in an overvoltage condition, which would significantly reduce the life span of 
the capacitor in the SS-CAES system. According to the manufacturer, the CR5311 has a 
response time of 250 microseconds and an accuracy of 1.0% [55]. The maximum voltage 
of the capacitor in the SS-CAES generator previously developed is 17 V or 6.25% of the 
working voltage [47], [56]. Thus, accuracy of the voltage transducer is sufficient to 
prevent the capacitor from being placed in an overvoltage condition. 
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D. MANUAL COMPONENTS 


To enable manual operation of the generator, a manual valve is required to bypass 
the autonomous manifold. The manual value is necessary for operating the system when 
no electrical power source is available, or for testing. Inadvertently leaving a manual 
bypass valve open with the system running using the controller would disable 
autonomous operation by allowing the generator to run continuously. Unintentionally 
running the generator continuously would eventually lead to overcharging the electrical 
energy sinks connected to the generator. The electrical energy sinks used for the SS- 
CAES at NPS IMPEL are ultra-capacitors. While safer than overcharging batteries, 
overcharging capacitors is still problematic because it reduces their lifespan and 
effectiveness [57], [58]. To prevent the manual valve from remaining open inadvertently, 
a valve with spring return handle is required. The valve selected is an Apollo Valves 71- 
502-01, shown in Eigure 22, which is a ball valve with a spring return handle. 



Eigure 22 Apollo 71-502 Series Valve. Source: [59]. 
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III. SYSTEM ARCHITECTURE 


A. SYSTEM LAYOUT 

A schematic of the control system designed to enable autonomous operation of 
the SS-CAES generator is shown in Figure 23. A dashed box encloses the components of 
the generator that had been previously designed in a past iteration of the SS-CAES 
project at NFS IMPEE [47]. 



The dashed box encloses the components of the generator that had been previously 
designed in a past iteration of the SS-CAES project at NFS IMPEL [47]. 

Figure 23 SS-CAES Generator Schematic 


1. Power Supply 

The power supply consists of a power strip plugged into a wall outlet supplying 
115V AC. Plugged into the power strip are control components that require external 
power: the Micro850 controller and two solenoid valves. The connections to the power 
supply by these components are shown by dark red lines in Figure 23. The relays make 
breaks in the dark red lines leading to the solenoid valves, since the relays act as switches 
between the power supply and the solenoids. 
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Compressed Air System 


All the fittings for the valves and piping used in the air system have 3/8-inch 
national pipe thread (NPT). For convenience during the development of the SS-CAES, 
industrial/Milton quick connects are used to connect the air control manifold to the 
compressed air supply and the turbine. Half-inch air hose attached to barbed hose fittings 
connects components in the compressed air system. The blue lines in Figure 23 illustrate 
the compressed air piping and connections. The compressed air system for the SS-CAES 
at NFS IMPEL is shown in Figure 24. 



Figure 24 Compressed Air System for SS-CAES 


The control manifold has two parts, one automatic and one manual. The control 
manifold is shown in the bottom left of Figure 23. The two valves on the lowest blue line 
represent the manual segment, and the piping and valve above is the automatic segment. 
The manual portion of the air manifold consists of a manual valve followed by a solenoid 
valve configured to be normally open. The assembled control manifold is shown in 
Figure 25. Configuration of the manual side solenoid valve as normally open enables the 
use of the generator without any external power or control outputs from the Micro850. 
Manual operation of the generator only requires opening the spring return valve. 
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Releasing the spring return handle will immediately cease the generator’s operation. The 
automatic part of the manifold has a normally closed solenoid valve configuration. For 
autonomous operation, the Micro850 sends a control output to the relay attached to the 
automatic solenoid, which closes the circuit between the power supply and the solenoid, 
and opens the valve. 



Figure 25 Control Manifold 


3. Signals 

The 24V DC control output signal from the Micro850 is shown as a green line in 
Figure 23. The control output is simply connected to the relays using wire. 

The input signal to the Micro850 is the variable DC voltage of the capacitor 
shown by the orange line in Figure 23. The voltage of the capacitor ranges from 0-16V 
DC, exceeding the maximum input voltage of the Micro850, and cannot be sensed 
directly. Instead, a voltage transducer reconciles the signal. The inputs of the voltage 
transducer connect directly to the capacitor, and the output of the voltage transducer 
connects to the analog input of the Micro850. Finally, the signal received by the 
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Micro850 undergoes analogue to digital processing using a function block that converts 
the signal into an integer representing the voltage of the capacitor. 

B. CONTROL PROGRAM 

A proprietary software called Connected Component Workbench (CCW) is 
required to program the Micro850. Three methods of programming in CCW are 
available: ladder diagram, function block, and structured text editors. Function block was 
the programming method used for the development of the control algorithms for the SS- 
CEAS project. Programming using the function block editor is marginally more intuitive 
than the other two editors, which is what led to its adoption for the SS-CEAS project. 

The Micro850 begins running its control programming as soon as it is powered 
on. This allows the Micro850, if programmed to do so, to control processes immediately 
after being powered on and without needing an operator to start the controller. Despite 
this possibility, the control program for the operation of the SS-CEAS generator does 
require operator input to begin autonomous operation. Immediate autonomous operation 
is undesirable during development of a control algorithm. 

The control algorithm developed for the SS-CEAS has three inputs: two operator 
inputs, and one measured input. The operator input is in the form of buttons programmed 
onto the HMI. The buttons are Emergency Stop and Autonomous Run toggles. The 
measured input is the voltage of the capacitor. The program uses these three inputs 
combined with program variables to determine what state in which to put the solenoid 
valves. Two important program variables are the upper and lower bounds of the 
acceptable voltage range of the capacitor. The SS-CEAS proof of concept at NFS IMPEE 
has a 16V DC capacitor installed, so the upper bound is 16V DC and the lower bound is 
13V DC. A simplified flowchart of the control algorithm developed for the SS-CEAS is 
shown in Eigure 26. 
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Figure 26 Control Program Flowchart 


1. Resetting Variables 

The Micro850 has internal memory that stores the last state of variables when 
power is secured. This can create a problem when power is restored because variables 
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may have been stored in a state that is not desired at the beginning of operation. 
Therefore, it is desirable that all the variables used in the eontrol programing of the 
Miero850 begin in the same state every time it powers on. The use of a variable built into 
the Micro850 by the manufacturer enables the reset of program variables. When first 
powered on, this variable indicates true. Then, a short program resets the program 
variables. 

2. Human Machine Interface 

As soon as it is powered on, the HMI displays the capacitor voltage level 
referenced to the upper bound of the capacitor voltage via a graphic bar display. In 
addition, a status in the form of a colored box with text is also present on the display, as 
an alternate indication of the capacitor voltage. If the capacitor’s voltage is below the 
lower bound voltage, the indication is “Low” in a red box. If the capacitor’s voltage is 
above the lower bound voltage, the indication is “Good” in a sustainable box. The low 
and adequate voltage indicators are shown in Figure 27 and Figure 28, respectively. 
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I .Autonomous Operation 
OFF 



Goto Config 


Figure 27 HMI Low Voltage Indication 
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Autonomous Operation 
OFF 



Goto Config 


Figure 28 HMI Adequate Voltage Indication 


Also, once the HMI is powered on, the user input toggle buttons. Emergency Stop 
and Autonomous Run, become visible. Engagement of either button changes its text and 
color. The two configurations of each user input button are shown in Figure 29 and 
Figure 30. The buttons are linked to Boolean program variables whose state changes from 
false to true when the buttons are depressed. The flowchart shown in Figure 26 denotes 
the Boolean variables as diamonds where true and false are represented by yes or no 
respectively. As shown in the flowchart, engaging the Emergency Stop button closes both 
solenoids valves, preventing air from flowing to the turbine even if the manual valve is 
open. Depressing the Autonomous Operation button tells the controller to begin running 
the autonomous control algorithm. 
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Figure 29 HMI with Emergency Stop Engaged 



Eigure 30 HMI with Autonomous Operation Engaged 
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3. 


Autonomous Control Program 


Following engagement of the Autonomous Operation button, the autonomous 
control program will begin to run. The first thing the program does is close the manual 
side solenoid valve, which eliminates the possibility of the manual valve bypassing the 
automatic control solenoid valve. Then, the program checks if this is the first time the 
program has run since receiving power. If it is the first run of the program, a warning 
banner and acknowledgment button displays on the HMI, which tells the operator to 
ensure the manual valve is closed. The message is in the upper right of the display, shown 
in Figure 31. The warning will continue to display until acknowledged by depressing the 
button. As long as the Micro850 receives power, the warning will not display again and 
the manual side solenoid valve will remain closed. Even when autonomous run is off, the 
manual side solenoid valve will remain closed: only when the Micro850 is unpowered 
will the manual side solenoid valve open. 



Figure 31 HMI with Warning Displayed 


The heart of the control program is the control of the automatic side solenoid 
valve. A comparison of the capacitor voltage to the established upper and lower bounds 
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determines the appropriate state of the valve. The program first compares the capacitor 
voltage to the lower bound value. If capacitor voltage is less than the lower bound, the 
controller sends a signal to open the automatic side solenoid valve. This allows stored 
compressed air to spin the turbine connected to the generator to produce electrical power 
to charge up the capacitor. Once charging begins the program stops comparing the 
capacitor voltage to the lower bound, instead comparison to the upper bound governs 
further charging operation. The automatic side solenoid valve will remain open until the 
capacitor voltage is greater or equal to the upper bound value. Once the voltages are 
equal, the signal to the automatic side solenoid’s relay will cease and the valve will close. 
In addition, after completely charging the capacitor the program will go back to 
comparing the capacitor voltage to the lower bound value. 

The use of upper and lower bounds prevents continuous cycling of the equipment. 
Comparison to only one value would result in the capacitor fully charging then the 
control valve continuously opening and closing to maintain the charge at that one value. 
Using bounds for comparison allows charging the capacitor completely then discharging 
over a fixed range, then recharging fully and so on. This reduces the amount of starting 
stresses experienced by the components. 

The program will stop immediately if the Autonomous Operation button is 
disengaged or the Emergency Stop button is depressed. The Micro850 continuously 
cycles through all the sub-programs installed. The order of a particular sub-program in 
the stack establishes its hierarchy. The second highest of the sub-programs’ hierarchy is 
the emergency stop sub-program, with the first being the program that resets the variables 
during power up. Once one loop of a sub-program is completed the Micro850 jumps to 
the next sub-program. For example, the autonomous run sub-program compares the 
voltage once and completes the appropriate action then the Micro850 runs the next sub¬ 
program and so on until it cycles back to the autonomous run sub-program. To the user it 
appears that each sub-program operates continuously, because the total cycle time 
through all the sub-programs takes milliseconds. Thus, the state of the emergency stop 
button is checked prior to operating the autonomous sub-program, enabling near 
instantaneous stoppages. 


42 



C. TESTING 

CCW does not have a built-in simulation feature. However, it is possible to run 
the program on the Micro850 and change variable values using CCW. During 
development of the program, this was a convenient method to check if a part of a 
program operated as desired. Running a Micro850 while connected to a computer with 
CCW will display the function block programming with a visual representation of its 
outputs. Monitoring the output of function blocks of the program while changing the 
input variables enabled verification of the program operation. Testing the program with 
this method allowed for quick transition from testing to coding the successive iteration of 
the control program. 

Following the development of a final version, which was a fully functioning 
program using the CCW testing, testing with the Micro850 disconnected from CCW 
commenced with the relays and voltage transducer connected to the Micro850. A variable 
DC voltage power supply, shown in Figure 32, connected to the voltage transducer inputs 
simulates the SS-CEAS system capacitor. The testing involved changing the voltage 
output from the power supply. The power supply voltage was set at various levels to start 
the testing and to check if the control operated as expected. The testing monitored the 
output of the Micro850 using its indicator lights, along with the operation of the relays, 
leading to position changes of the solenoid valves. With the manual side solenoid valve 
closed, testing was completed with input voltages set to the following: 

1. maximum capacitor voltage, 16 volts 

2. between the upper and lower bound values, 13 to 16 volts 

3. below the lower bound, less than 13 volts. 

In all cases, the automatic side solenoid valve only opened when the voltage was 
below the lower bound, verifying the control program operated appropriately at various 
starting voltages. Further testing was completed where the voltage was raised or lowered 
from the three starting points listed previously. This testing yielded satisfactory results 
as well. 
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Figure 32 Variable DC Voltage Supply Connected to Voltage 

Transducer 
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IV. DARK START ENHANCED SYSTEM ARCHITECTURE 


The controller and control program developed will operate as soon as the 
controller has electrical power. Making a control system that is capable of a dark start 
requires modifying the power supply. The simplest adaptation of the power supply would 
be to install an inverter after the capacitor, to create 115V AC to power the components 
directly from the capacitor. A more advanced design for the modified power system is 
shown in Figure 33. 
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Figure 33 Proposed Modifications to the Power Distribution System 
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Several new components would be needed to complete this new proposed system 
including a second smaller capacitor, two additional relays, and an inverter. The power 
leaving the rectifier that follows the generator would no longer be directly stored on the 
large storage capacitor. Instead, the rectifier attaches to a bus bar that has two outputs. 

One output attached to the rectifier’s bus has a normally closed relay followed by 
a small super capacitor. An inverter takes the DC power from the small super capacitor 
and converts it to 115V AC. All the powered components such as the Micro 850 and 
solenoid valves connect to a 115V AC power bus supplied by inverter. This would 
eliminate the reliance on an external power source. If the SS-CAES system had no power, 
manually opening the bypass valve would run the generator and charge the small super 
capacitor. Once the small super capacitor reached sufficient power, the Micro 850 would 
power on and begin to operate. The Micro 850 would open and close the normally closed 
relay before the small super capacitor to maintain adequate voltage to operate the control 
system. Since the relay before the small super capacitor is normally closed, an 
electromagnetic relay is required. 

The second output attached to the rectifier’s bus leads to a normally open relay 
attached to the main storage capacitor. This relay would be closed once the small super 
capacitor was charged and powering the system. Future iterations of this project may 
consider having the inverter draw off the storage super capacitor once it was charged. 
However, that is only possible when the system is in one condition, in which the small 
super capacitor is already charged. For simplicity, it is proposed that the inverter only 
draws power from the small super capacitor. 

The control program developed already could be easily adapted to integrate these 
proposed modifications to the power system, which would enable a dark start capable SS- 
CAES system. 
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V. CONCLUSIONS 


A control algorithm for a SS-CAES generation system was developed. The 
control algorithm developed is scalable to a broad range of applications. The control 
system developed is adequately robust enabling implementation at nearly any DON 
facility or vessel with preexisting compressed air storage. The use of COTS hardware 
components enables batch production and scalability of the control system. The control 
system is dark start capable, only requiring compressed air to generate electrical power. 
The control system increases the viability of SS-CAES, enabling storage of excess 
electrical power produced by solar and wind generation. 
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VI. RECOMMENDATIONS 


Installing an inverter following the capacitor to convert the DC voltage to 115V 
AC would enable the dark start functionality of the control system. An inverter would 
power the controller and components directly from the capacitor—meaning no external 
electrical power would be required. The manual bypass valve would then be used to start 
the system when there was no charge on the capacitor. 

Implementing the system architecture shown in Figure 33 would enhance the dark 
start functionality. Using a smaller capacity super capacitor to power the inverter, would 
lead to a decreased delay between manual dark starts and autonomous running. 

Installing the SS-CAES system at other DON facilities would require different¬ 
sized turbines and generators to match the load requirements and the available 
compressed air storage. This requires changing the size of the components such as the 
solenoid valves, manual valves, and piping. The use of piloted solenoids enables the 
utilization of the same relays used in the proof for all but the largest of applications. 
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APPENDIX A. PANEL VIEW 800 AND MICRO 850 INTEREACE 


The Panelview 800 and Micro 850 have three methods available to interface with 
each other: serial port, USB port or Ethernet port. For this project, the interface method is 
the Ethernet ports on the two components. A cross-connect Ethernet cable can link the 
Panelview 800 and the Micro 850 directly; however, during development, using a 
Ethernet switch makes reprogramming the components more convenient. The Trednet 
TEG-S50g Ethernet switch used to interface components is shown in Figure 34. The three 
connections, shown from left to right, are the cables for the Micro 850, Panelview 800, 
and computer with CCW installed. 



Figure 34 Ethernet Switch Used to Interface Controller and HMI 


Configuring the Panelview 800 and Micro 850 to communicate on the Ethernet 
network requires establishing IP addresses. The IP addresses established are 10.0.0.101 
and 10.0.0.100, respectively. 
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APPENDIX B. DC VOLTAGE TRANSDUCER 


A. HARDWARE 

The DC Voltage Transducer requires three connections: input, output, and 24V 
DC power supply. The device, whose voltage is to be measured, connects to the inputs, 
shown in Figure 35. The positive wire connects to terminal “1” and the negative wire 
connects to terminal “3.” 



Figure 35 Voltage Transducer Input Terminal 


The connections for the output side of the Voltage Transducer are slightly more 
complicated. The complication is due to the power source and negative output sharing a 
terminal. To facilitate having a single cable to input to the positive output/power supply 
terminal the negative output cable and negative power source cable were soldered 
together. The cable configuration for the 24V DC power source and the output cable is 
shown in Figure 36. The positive power source cable connects to terminal “5,” shown in 
Figure 36. The negative power source and output connect to terminal “6,” shown in 
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Figure 36. The power source comes from “+CM1” and “-CM1” on the Micro850 output 
bus, shown in Figure 37. The positive output connects to terminal “8,” shown in Figure 
36. 



Figure 36 Voltage Transducer Output and Power Source Terminal 



Figure 37 Micro 850 Output Bus 
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The positive and negative outputs connect to Micro 850 analog module. The 
positive voltage output from the transducer connects to “VI-0” which is terminal “1,” 
shown in Figure 38. The negative voltage output from the transducer connects to “COM” 
which is terminal “3,” shown in Figure 38. 



B. SOFTWARE 

The input to the analog module establishes a global variable within the Micro 850 
programming. The created variable name is IO_P1_A1_01 and it is an integer data type. 
Since the voltage is not sensed directly by the analog module; instead, it passes through 
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the voltage transducer. The signal received by the analog module must be processed 
within the Micro 850 program to represent voltage. Using a built-in function in CCW 
called SCALER, the input sensed by the analog module is converted to the actual voltage 
of the capacitor. The sub program used to scale the input is shown in Figure 39. 



Figure 39 Sub Program to Scale Sensed Voltage to Actual Voltage 


The scaler function requires five inputs; the inputs to the function must also be 
real data type. The first step of this program is to convert all the integer variables to real 
using the ANY_TO_REAL function block. The first input to the scaler function is the 
input sensed by the analog module. The next two inputs are the minimum and maximum 
values of the analog module, OV and lOV respectively. The AnalogMax variable value is 
65535, which is what the analog module outputs when it senses lOV. The last two inputs 
are the minimum and maximum values of the voltage transducer, OV and 75V 
respectively. Using these inputs, the SCALER function outputs the actual value of the 
voltage of the capacitor. The variable name given to the true capacitor voltage is VolCap. 
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APPENDIX C. RELAY CONNECTION 


Relays enable controlling the operation of the solenoid valves using the Micro 
850. The supply power to the solenoid valves is interrupted by the relays. The Micro 850 
energizes the relays, closing the relay contacts and allowing supply power to flow to the 
solenoid valves. 

The SSR relays used have four connection terminals, shown in Figure 40. The 
output of the relays is what is connected to the component that is being controlled; in this 
case the solenoid valves. The output of the relay consists of terminals 1 and 2, these 
terminals separate the negative wire of the solenoid power source. The input of the relay 
is consists of terminals 3 and 4, these are connect to the output of the Micro 850 were the 
positive output connects to terminal 3 and the negative output connects to thermal 4. 



Figure 40 SSR with Solenoid and Micro 850 Attached 
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APPENDIX D. SOLENOID VALVE CONNECTIONS 


A. ELECTRICAL CONNECTIONS 

Actuation of the solenoid valves requires voltage to be applied to the solenoid 
inside the valve. The source voltage for the solenoids used for this project use 115V AC. 
The voltage first connects to the power supply then the relay before continuing to the 
solenoid valves. Appendix C discusses connection between the relay and solenoid valve. 
The power cable continues from the relay and is attached to a terminal block, shown in 
Figure 41. Connecting the power cable to this terminal block is strait forward, as the 
ground, positive, and negative thermals are all labeled. 



Figure 41 Solenoid Female Connection 


The female terminal block mates to the solenoid’s male terminal connection and 
is affixed using the screw shown in Figure 41. The male terminal on the solenoid has 
three matching connection posts, shown in Figure 42. 
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Figure 42 Solenoid Male Connection 


B. PNEUMATIC CONNECTIONS 

The pneumatic connections for the solenoid valves are identical whether they are 
normally open or normally closed valves. There are three ports on the valves as shown by 
the label on the valve in Figure 43. The input is always connected to port 1 and the output 
is connected to port 2. The position of the ports changed based on whether the valve is 
normally open or closed but the connection numbering remains consistent. Port 3 is an 
exhaust port for all applications; in this project, it is not required and was plugged. 
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Figure 43 Solenoid Valve Port Label 
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APPENDIX E. MICRO850 VARIABLES 


The Micro850 has two types of variables, global and program. The key difference 
between the two variable types is their persistence following a loss of power to the 
controller. The state of the global variables persists by using the internal flash memory of 
the Micro850 to store their state in the event of the Micro850 losing power. The program 
variables, on the other hand, are stored on the RAM of the Micro850, so when the 
Micro850 loses power the program variables values are lost. 

A. GLOBAL 

The global variable list is shown in Figure 44 and Figure 45. The variable names 
in gray are prebuilt variables in the Micro 850 and the variable names in white are 
programmer created variables. 



Figure 44 Global Variable List Part 1 
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Alias Data Type Dimension Project Value 


Comment 



Resource name (max length=255) ] 
Software Watchdog 
Timestamp of the beginning of the 
User data lost 


Figure 45 Global Variable List Part 2 


B. PROGRAM 

The program variables, none of the variables are grey because all program 
variables are created by the programmer are shown in Figure 46. 
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Figure 46 Program Variable List 
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APPENDIX F. SUPPORTING PROGRAMS 


A. RESTING GLOBAL VARIABLES 

Since the global variables are stored even when the Micro 850 loses power, 
resting global variables to desired initial values is required every time the Micro 850 is 
initially supplied power. The sub program developed to reset global variables when the 
Micro850 initially receives power is shown in Figure 47. The program makes use of a 
built-in variable of the Micro 850 SYSVA_POWER_BIT, which is true initially when the 
Micro850 receives power then shifts io false once one cycle of the program finishes. The 
program uses NOT function blocks that check if the input is not true. So when the input is 
false it returns true when the input is true it returns/a/^e. 
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Figure 47 Global Variable Reset Sub Program 


The first NOT block makes sure the values are only changed if this is the initial 
power on. When first powered on the input to the VOT block is true so the output h false, 
so the return will not execute. Then, once the SYSVA_POWER_BIT flips io false the NOT 
block will return true, executing the return, which leaves the program. 

The second NOT block is only reached when the first NOT block does not execute 
the return. Thus, only when the input variable SYSVA_POWERUP_BIT is true the second 
NOT block makes the global variables false. When SYSVA_POWERUP_BIT is false the 
second NOT block is not reached and the global variables are unchanged. Meaning the 
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values of three global variables only change when the Micro 850 initially receives 
powered: 

1. PushAch, which is the acknowledgement for the manual valve warning 

2. AUTOONOFF, which is the toggle for autonomous operation 

3. EStop, which is the toggle for the emergency stop 

B. EMERGENCY STOP 

The emergency stop program enables the user to stop the operation of the 
generator immediately. The sub program developed for the emergency stop is shown in 
Figure 48. The emergency stop program makes use of NOT function blocks in a similar 
manner to the global variable rest program. 
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Figure 48 Emergency Stop Sub Program 


The first not blocks executes the return and leave the sub program until the Estop 
variable becomes true after the button on the HMI has been depressed. Once the Estop 
variable becomes true, the rest of the sub program executes, simply changing the values 
of three variables. The second not block is used to invert the “true” from the Estop 
variable to allow for two of the variables to be made “false.” When the Estop variable is 
true, the three variables changed are: 

4. IO_EM_DO_03, goes to true, which is connected to the manual solenoid 
relay, thus closing the contact in the relay which closes the manual 
solenoid valve 
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5. IO_EM_DO_02, goes io false, which is connected to the automatic 
solenoid relay, thus opening the contact in the relay which closes the 
automatic solenoid valve 

6. AUTOONOFF, goes io false, disabling the autonomous operation program 

C. HMI STATUSES 

The HMI uses programs on the Micro 850 to display any status. The HMI, the 
buttons and status indicator, is associated with variables on the Micro 850. In addition, 
the HMI can only read Boolean and integer variables. The two status indicators on the 
HMI require sub programs to create variables that are readable by the HMI. 

The status indicator of the capacitor voltage on the HMI uses the program in 
Figure 49. The status is associated with the Boolean variable BabyGood, which is created 
by the comparison of the voltage of the capacitor, VolCap, and the lower bound of the 
capacitor voltage, VolCapLow. When BabyGood is true, the status is green and shows 
“Good.” When BabyGood is false, the status is yellow and shows “Low.” 


. BabyGood ^ 

‘BOOL _ p 

Figure 49 Sub Program for Voltage Status Indicator 

The bar scale on the HMI that shows the charge level of the capacitor using an 
integer input. When setting up the bar scale, a maximum value is input to determine the 
scale of the bar. The measured voltage of the capacitor, VolCap, is a real data type; the 
HMI bar scale requires integer data types. The sub program that uses ANY_TO_INT to 
convert, VolCap, a real data type to, VolCapInt, an integer data type is shown in Figure 
50. 
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Figure 50 


Sub Program for Voltage Level Bar Indieator 








APPENDIX G. CONTROL PROGRAMS 


A. BOUNDARY CHECKING PROGRAM 

The first step in the control program is checking if the capacitor voltage, VolCap, 
is within the acceptable bounds for the capacitor voltage. The sub program developed to 
check the voltage against the boundaries is shown in Figure 51. The main component of 
the program is the RS function block, which is a bistable reset/set function block. 
CapInBrkt indicates if the voltage is within the boundaries, when it is within the 
boundary it has a value of true otherwise it is false. The initial value of CapInBrkt is 
false. 
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Figure 51 Boundary Checking Sub Program 


The program first checks if the capacitor voltage, VolCap, is greater than or equal 
to the upper bound of the acceptable voltage, VolCapUp. CapInBrkt will remain false 
until VolCap is greater than or equal to VolCapUp. Due to the RS block once CapInBrkt 
becomes true it will remain true until the RS block is reset, even when VolCap is less 
than VolCapUp. The RS block is reset by the second comparison block. When VolCap is 
less than the lower bound of the acceptable voltage, VolCapLow, true is input to RESETl 
resetting the RS block making CapInBrkt false. 

B. MAIN CONTROL PROGRAM 

The program developed for autonomous operation is shown in Figure 52. 
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Figure 52 
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Autonomous Operation Sub Program 
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The first step of the autonomous operation sub program is to check if VolCap is 
less than VolCapUp, which prevents over charging the capacitor. If VolCap is less than 
VolCapUp true is output. This output is fed into one input of an function block, the 
second input receives the inverted valve of CapInBrkt from the boundary sub program. 
An AND function block will only output true when both inputs are also true. Meaning, 
only when the VolCap is less than VolCapUp and CapInBrkt is false the AND block will 
output true. Since the CapInBrkt variable begins with a value of false the first time the 
autonomous program runs this AND block will return true even if the voltage of the 
capacitor is within the bounds as long as VolCap is less than VolCapUp. This means that 
at start up the program will charge the capacitor to its maximum voltage even if the 
capacitor voltage is only slightly below the maximum voltage. In addition, due to the 
boundary checking program, all subsequent charging of the capacitor will begin once the 
voltage falls below the lower bound; the charge process then will continue until the 
capacitor reaches its maximum charge level. 

The output from the first AND block is connected to the input of a second AND 
block the other input is the AUTOONOFF variable which is controlled by the HMI. 
When the AUTOONOFF button is depressed and the first AND block determines 
charging is appropriate the second AND block outputs true. This makes lO_EM_DO_02 
true closing the automatic relay, which opens the automatic solenoid. This passes air over 
the turbine to spin the generator and charge the capacitor. 

The next function block is an OR with two inputs IO_EM_DO_02 and 
IO_EM_DO_03, which are the automatic and manual relay outputs, respectively. If either 
of the inputs to this function block is true, the output is true. The output of this OR block 
goes to a bus bar from which branch two program segments. 

The first, top, segment off the OR bus bar uses a TON function block. This block 
is a time delay operator, when the input is true the output changes to true after the time 
specified by the time variable input, in this case, SwitchTime, 3 seconds. After the delay, 
IO_EM_DO_03 is set to true which closes the manual solenoid valve. Due to the 
previous OR block, once IO_EM_DO_03 is set to true it will remain true until the Micro 
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850 loses power. Meaning, the manual solenoid valve will close once autonomous 
operation begins and remain closed until the Micro 850 is cut off from its power source. 

The second, bottom, segment off the OR bus bar is the segment of the program 
that initiates the warning to ensure the manual valve is closed. There is an AND block 
that has one input from the bus bar and a second input which is the inverted value of the 
acknowledgement push button, PushAch. Only when both inputs are true the AND block 
will output true displaying the warning, PushAlert, and acknowledgment button. Once 
the user depresses the acknowledgement button, PushAch will be set to true which will 
make the AND block out ^\xt false and PushAlert will remain false until the power source 
is removed from the Micro850. 
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APPENDIX H. HIERARCHY OE PROGRAMS 


The hierarchy of programs determines the order of precedence of the sub 
programs. The hierarchy of the sub programs is shown in Figure 53. The Micro 850 runs 
the programs from top to bottom. 

id Micro850* 

$ |S Programs 
I H GlobalReset 

Local Variables 
1 & H EmerStop 

Local Variables 
B ■ Q ScreenConv 

Local Variables 
j a- Q CAPVoltage 

Local Variables 
B- Q ChargeBounds 

Local Variables 
B- Q TurbineAuto 

Local Variables 
Global Variables 

B ^ User-Defined Function Blocks 
a s ResetVariables 

™ Local Variables 
a s ButtonReset 

Local Variables 
^ DataTypes 
H PV800_Appl 


Figure 53 Program Hierarchy 
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